| INTRODUCTION
Depression is currently estimated to affect as many as 840 million people worldwide (World Health Organization, 2008) . Women of childbearing age appear to be particularly susceptible both to new onset depressive illness and the exacerbation of existing depression (Burt & Stein, 2002; Noble, 2005) . This vulnerability is particularly pronounced during the perinatal period. Indeed, the reported prevalence of perinatal depression ranges from 6.5% to 25% (Gavin et al., 2005; Gelaye, Rondon, Araya, & Williams, 2016) . If left untreated, maternal depression has been linked to poor maternal and obstetrical outcomes (Gelaye et al., 2016; Grote et al., 2010; Marcus, 2009 ) and can have long-lasting deleterious effects on cognitive, behavioral and psychological development in the offspring (Stein et al., 2014) . As a result, up to one in 10 women use antidepressants during pregnancy (Andrade et al., 2008; Cooper, Willy, Pont, & Ray, 2007; Huybrechts et al., 2013) . The most common antidepressants used during pregnancy are the selective serotonin reuptake inhibitors (SSRI); however, their long-term safety in the offspring remain elusive (Andrade et al., 2008; Muzik & Hamilton, 2016; Smith et al., 2008; Trifirò et al., 2013; Wemakor, Casson, & Dolk, 2014) .
In children and adults the long-term use of SSRIs is associated with increased weight gain, dyslipidemia and new-onset type 2 diabetes (Jerrell, 2010; Yoon, Cho, Lee, & Park, 2013; Schwartz et al., 2016; ) .
As the fetus and neonate can be exposed to SSRIs via placental and lactational transfer (Rampono et al., 2009) , it is plausible that SSRI use during pregnancy may also cause similar metabolic disturbances in the exposed offspring. In support of this hypothesis, Grzeskowiak et al. (2013) reported that male offspring exposed prenatally to an SSRI had an increased risk of being overweight by 7 years of age. Similarly, our lab has demonstrated in a rodent model that fetal and neonatal exposure to the SSRI antidepressant fluoxetine results in metabolic perturbations in adulthood including increased adiposity and insulin resistance (De Long et al., 2015) . Moreover, fluoxetine exposure resulted in increased hepatic triglyceride content; a hallmark of nonalcoholic fatty liver disease (NAFLD) (De Long et al., 2015) .
NAFLD is often associated with obesity and insulin resistance and is one of the most common chronic liver diseases worldwide (Bellentani, 2017) . It encompasses a spectrum of stages which includes simple steatosis, non-alcoholic steatohepatitis (NASH; steatosis with evidence of hepatic inflammation with or without fibrosis) and cirrhosis (Tiniakos, Vos, & Brunt, 2010) . Accumulation of hepatic intracytoplasmic triglycerides is a key component of all stages of NAFLD (Tiniakos et al., 2010) and stems from an imbalance between lipid uptake, synthesis (i.e., de novo lipogenesis), utilization (i.e., fatty acid oxidation) and export (Tiniakos et al., 2010) . Complex radiolabeling studies in humans have identified that an increase in de novo lipogenesis plays a significant role in intrahepatic triglyceride accumulation and the pathogenesis of NAFLD (Diraison, Moulin, & Beylot, 2003; Donnelly et al., 2005; Softic, Cohen, & Kahn, 2016) . In vitro studies have demonstrated that fluoxetine augments lipid accumulation in hepatocytes in association with upregulation of genes critical for de novo lipogenesis (Feng et al., 2012; Xiong et al., 2014) . This would suggest that the observed increase in hepatic triglycerides in fluoxetine-exposed offspring could be due to dysregulation of the same pathway (De Long et al., 2015) . In addition to increased hepatic triglyceride accumulation, enhanced de novo lipogenesis also modifies fatty acid composition in the liver which in turn can lead to the development of NASH (Duwaerts & Maher, 2014) . The mechanism(s) underlying the progression of NAFLD to NASH are not well understood, but recent evidence from human studies and rodent models suggests that the NOD-like receptor family, pryin domain containing 3 (NLRP3) inflammasome may play a key role (Wan, Xu, Yu, & Li, 2016) .
The NLRP3 inflammasome is a large intracellular multiprotein complex consisting of nod-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing a caspase activation recruitment domain (ASC) and pro-caspase 1 (Schroder & Tschopp, 2010) . Activation of NLRP3 induces caspase-1 expression and the subsequent maturation of pro-interleukin-1β (pro-IL1β) and pro-interleukin-18 (pro-IL18) into their active forms (Jo, Kim, Shin, & Sasakawa, 2016; Schroder & Tschopp, 2010) . There is now convincing evidence that hepatic lipid accumulation is associated with increased expression and activation of the NLRP3 inflammasome (De Nardo & Latz, 2011; Haneklaus & O'Neill, 2015) . Moreover, in animal models, activation of the NLRP3 inflammasome has been shown to play a role in the progression of NAFLD to NASH (reviewed in [Wan et al., 2016] ). This is of great interest as we have reported that fetal and neonatal exposure to fluoxetine increased the proportion of offspring with mild-to-moderate NASH (De Long et al., 2015) . Moreover, as fluoxetine has been shown to increase production of IL1β (Alboni et al., 2016) , which is mainly dependent on activation of the NLRP3 inflammasome (Martinon, Burns, & Tschopp, 2002) , these data suggest that the increased prevalence of NASH in offspring born to fluoxetine-exposed dams may be a result of dysregulated de novo lipogenesis and activation of the NLRP3 inflammasome. Hence, the present study was designed to investigate the effects of fetal and neonatal exposure to fluoxetine on the transcriptional and epigenetic regulation of genes involved in hepatic de novo lipid synthesis and the NLRP3 inflammasome. orally in flavored gelatin cubes from 14 days prior to mating until weaning (postnatal day 21; PND21) as previously described (De Long et al., 2015) . The dose of fluoxetine was chosen based on previous studies (Capello et al., 2011; Hui, Huang, Ebbert, & Bina, 2007 ) to achieve serum fluoxetine levels in the rat which are representative of the median serum concentration of fluoxetine (i.e., 450 nmol/L) reported in humans (Olivier et al., 2011; Sit, Perel, Helsel, & Wisner, 2008) . Dams were allowed to deliver normally. At birth (PND1), pups were weighed and sexed and litters were culled to 8, preferentially selecting 4 male and 4 female offspring, to ensure uniformity of litter size between treated and control litters. Offspring were maintained on a chow diet until 26 weeks of age. We have previously reported that these offspring have increased hepatic triglyceride content, hepatic inflammation and an increase prevalence of NASH (De Long et al., 2015) . At 26 weeks of age, one male offspring per litter was fasted overnight, euthanized by CO 2 asphyxiation and liver tissue was collected and snap frozen in liquid nitrogen for subsequent analyzes. Only male offspring were analyzed in this study to prevent the confounding effects caused by the female reproductive cycle. 
| Global histone acetylation
In total, 10 μg of total histone proteins were loaded and subjected to 12% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) 
| Chromatin immunoprecipitation (ChIP)
Chromatin was extracted from liver tissues excised at 26 weeks of age from male offspring as previously described (Sohi, Marchand, Revesz, Arany, & Hardy, 2011) . In brief, a small piece of snap frozen liver was homogenized and incubated in 0.5 mL of 1% formaldehyde for 10 min at room temperature to cross-link proteins and DNA. Glycine (0.125 M, final concentration) was added to all samples to terminate cross-linking. Samples were micro centrifuged at 950 g at room temperature for 5 min and supernatant was subsequently removed. The liver tissue was then washed once with cold phosphate-buffered saline before being placed in 500 μL of DS lysis buffer (MilliporeSigma) with The effect of fetal and neonatal fluoxetine exposure on hepatic steady-state mRNA levels of Acc1, Fasn, Scd1, Elovl6, Dgat1 and Dgat2 in male rat offspring at 26 weeks of age. Data are presented as fold change from the controls and results are expressed as the mean ± SEM. Values marked with an asterisk (*) are significantly (P < 0.05) different from controls (N = 9-10 per experimental group)
Quantitative real-time PCR was employed using primers against the proximal rat promoters of Asc (−155 to +13), Nlrp3 (−180 to −50), Casp1 (−155 to −62) and Elovl6 (−293 to −186) ( 
| Statistical analysis
All statistical analyzes were performed using SigmaStat (v. between male control and fluoxetine-treated offspring were analyzed using Student's t-test (α = 0.05). Data were tested for normality as well as equal variance, and when normality or variance tests failed, data were analyzed using the Mann-Whitney rank sum test.
3 | RESULTS
| De novo lipogenesis
To elucidate the molecular mechanisms underlying the previously reported inflammation, elevated hepatic triglyceride levels, and NASH in fluoxetine-exposed male adult rat offspring, we examined the expression of key enzymes in de novo triglyceride production in the liver. In 26-week male fluoxetine-exposed offspring, quantitative 3.3 | Increase in hepatic Elovl6 expression is associated with a corresponding increase in the steady state mRNA levels of core components of the NLRP3 inflammasome in fluoxetine exposed offspring
In animal models, hepatic triglyceride accumulation has been associated with activation of the NLRP3 inflammasome (Yang, Lee, & Lee, 2016) . Interestingly, overexpression of Elovl6 in mouse hepatocytes has also been shown to upregulate the steady-state mRNA expression of NLRP3, ASC and caspase-1, core components of the NLRP3 inflammasome (Matsuzaka et al., 2012) . Moreover, the product of Elovl6, stearate, has been demonstrated to activate the NLRP3 inflammasome in macrophages (L'homme et al., 2013) . Therefore, we next employed real-time PCR to determine whether or not the increase in Elovl6 in fluoxetine-exposed offspring was associated with evidence of enhanced NLRP3 inflammasome expression. Despite the almost fivefold difference in NLRP3 mRNA expression between control and fluoxetine exposed offspring, this did not reach statistical significance (P = 0.10). However, fluoxetine exposure did result in a significant (P ≤ 0.05) upregulation of the steady state mRNA levels of the other core components of the NLRP3 inflammasome, ASC and caspase-1 (Figure 3 ).
| Augmented expression of ASC coincides with increased histone acetylation in the promoter region
To investigate if chromatin remodeling could be a factor influencing the observed increases in NLRP3, ASC and caspase-1 steady-state mRNA levels after early life exposure to fluoxetine, we employed ChIP to assess histone H3 [K9,14] acetylation in the promoters of these genes. ChIP revealed that in the 26-week livers of fluoxetine-exposed offspring there was significant enrichment in histone H3 [K9,14] acetylation surrounding the proximal promoter of Asc but not Nlrp3
or Casp1 (Figure 4 ).
| DISCUSSION
NAFLD is a major cause of liver disease worldwide, with an estimated global prevalence of approximately 25% (Younossi et al., 2016) . It is a non-reversible condition which is characterized by hepatic steatosis, in particular, an accumulation of intrahepatic triglycerides (Tiniakos et al., 2010) . Approximately 10-20% of patients with NAFLD go on to develop NASH which is characterized by steatosis plus hepatic inflammation and/or fibrosis (Tilg & Moschen, 2010) . Although the increasing global burden of NAFLD has significant implications for public health and health care expenditures, the pathophysiology of
The effect of fetal and neonatal fluoxetine exposure on hepatic steady-state mRNA levels of Nlrp3, Casp1 and Asc in male rat offspring at 26 weeks of age. Data are presented as fold change from the controls and results are expressed as the mean ± SEM. Values marked with an asterisk (*) are significantly (P < 0.05) different from controls (N = 9-10 per experimental group) NAFLD is not completely understood. However, increasing evidence from animal models suggest that chemical insults during fetal and neonatal development, including maternal smoking and ethanol consumption, lead to an increased risk of NAFLD in postnatal life (Lynch, Chan, & Drake, 2017) . Similarly, work from our group has reported that fetal and neonatal exposure to fluoxetine leads to NAFLD in the offspring (De Long et al., 2015) . Given that approximately 6% of pregnant women in the United States are prescribed SSRIs during pregnancy (Andrade, Reichman, Mott, & Pitts, 2016) , this highlights the importance of understanding the effects of these medications on the risk of NAFLD in the offspring.
Accumulation of hepatic intracytoplasmic triglycerides is a key component of NAFLD (Tiniakos et al., 2010) and results from an imbalance between lipid uptake, synthesis, utilization and export (Tiniakos et al., 2010) . However, data from humans have shown that increased de novo lipogenesis may be the critical factor in the development of NAFLD (Diraison et al., 2003; Donnelly et al., 2005; Lambert, RamosRoman, Browning, & Parks, 2014; Softic et al., 2016) . In our animal model, fetal and neonatal exposure to fluoxetine increased hepatic triglyceride content without a concomitant increase in circulating triglyceride levels (De Long et al., 2015) . Moreover, cell culture studies have revealed that fluoxetine treatment increases genes critical for de novo lipogenesis (Feng et al., 2012; Xiong et al., 2014) . Taken together, these data suggested that the observed increase in hepatic triglycerides in this perinatal exposure model might be mediated by upregulation of de novo lipogenesis. Indeed, results from the current study supported this hypothesis; steady-state mRNA levels of Elovl6 and Dgat1 were elevated in the liver of male fluoxetine-exposed offspring at 26 weeks of age.
Elovl6 is an enzyme responsible for catalyzing the elongation of unsaturated and monounsaturated fatty acid chains C:12-C:18 (Jakobsson, Westerberg, & Jacobsson, 2006) whereas Dgat1 catalyzes the terminal step in triglyceride synthesis (Liu, Siloto, Lehner, Stone, & Weselake, 2012) . In mouse models, over-expression of both Dgat1 and Elovl6 has been reported to result in increased hepatic triglyceride content (Matsuzaka et al., 2012; Monetti et al., 2007) . Similarly, in our model the increased expression of Elovl6 and Dgat1 in fluoxetineexposed offspring occurred in concert with increased liver triglyceride content (De Long et al., 2015) . Moreover, in mice, overexpression of Elovl6 but not Dgat1 was associated with hepatic inflammation (Monetti et al., 2007; Matsuzaka et al., 2012; ) . Collectively, these data suggest that increased expression of hepatic Elovl6 may play a key role in etiology of NASH in fluoxetine-exposed offspring. Further support for this hypothesis comes from a human study where hepatic Elovl6 mRNA expression was increased in patients with NASH compared to control subjects (Matsuzaka et al., 2012) . The mechanisms linking increased hepatic Elovl6 expression to NASH have not been fully elucidated, but evidence from animal and cell culture models suggests that it may involve the NLRP3 inflammasome.
Expression of NLRP3 and its key components have been shown to be increased in rodents and humans with NASH (Wan et al., 2016) .
Moreover, pharmacological inhibition of the NLRP3 inflammasome suppressed high-fat diet-induced hepatic steatosis , implicating that this is a causal relationship. In contrast, overexpression of Elovl6 in mice activated the NLRP3 inflammasome (Matsuzaka et al., 2012) . Similarly, in our study increased Elovl6 mRNA expression in fluoxetine-exposed animals was associated with increased expression of NLRP3, ASC and caspase-1, although the increase in NLRP3 did not reach statistical significance (P = 0.10). Taken together these data are consistent with a link between dysregulation of Elovl6, activation of the NLRP3 inflammasome and NASH in fluoxetine-exposed offspring.
However, it is noteworthy that the increase in core components of the hepatic NLRP3 inflammasome after early life exposure to fluoxetine animals is at odds with studies in adult animals where fluoxetine has been shown to directly inhibit NLRP3 inflammasome activity in peripheral macrophages, microglia and the prefrontal cortex (Du et al., 2016; Pan, Chen, Zhang, & Kong, 2014) . Whether this is related to the timing of exposure or represents a tissue-specific effect remains to be determined. To further explore the underlying molecular mechanisms by which early life exposure to fluoxetine could affect de novo lipogenesis and/or the NLRP3 inflammasome, we decided to investigate the role of epigenetic modifications in our model.
There is now considerable evidence to suggest that chemical insults during perinatal development can increase the risk of metabolic syndrome in the postnatal life via alterations in the epigenome (Desai, Jellyman, & Ross, 2015) . These epigenetic modifications can include altered DNA methylation, histone modifications, chromatin remodeling and/or changes in microRNAs. Maternal fluoxetine exposure has been shown to result in posttranslational histone modifications and altered DNA methylation in the offspring (Boulle et al., 2016; Toffoli et al., 2014) . There is also some evidence in the literature that demonstrates epigenetic regulation of Elovl6 and core components of NLRP3 inflammasome (Corominas et al., 2015; Meier, Drexler, Eberle, Lefort, & Yazdi, 2016; Tang et al., 2016) . Moreover, knockdown of sirtuin 1 (SIRT1), a NAD + -dependent deacetylase has been demonstrated to enhance activation of the NLRP3 inflammasome in HUVEC cells (Li et al., 2017) and inhibition of SIRT1 in hepatocytes results in an upregulation of de novo lipogenesis related genes (Nassir & Ibdah, 2016) .
Taken together these data suggest that post-translational histone modifications may also represent an important pathway by which early life exposure to fluoxetine can increase the risk of NASH. Remarkably, we demonstrated that fetal and neonatal exposure to fluoxetine results in increased global acetylated histone H3 in the liver of male offspring at 26 weeks of age. Despite no changes in histone H3 acetylation [K9,14] in the promoters of Elovl6, Dgat, Nlrp3 or Casp1, the increase in Asc expression was concomitant with enhanced histone H3 acetylation [K9,14] at surrounding its proximal promoter region which would promote transcriptional activation. This is of great interest considering epigenetic regulation of Asc appears to be key factor for the activation of the inflammasome complex. For example, a study in human cutaneous squamous cell carcinoma reported that promoter specific methylation of Asc led to a decrease in its expression concomitant with impaired activation of the NLRP3 inflammasome (Meier et al., 2016) . Therefore it is tempting to speculate that increased expression of Asc also plays a key role in the development of hepatic inflammation in our model, although evidence for a causal relationship remains to be further explored.
In summary, we have shown for the first time that fetal and neonatal exposure to fluoxetine increases hepatic expression of Elovl6 and core components of the NLRP3 inflammasome which may explain, in part, the increased prevalence of NASH in these animals. However, it is impossible to determine from the present study whether this phenotype was present from the time of exposure or whether there was latency in its onset. Regardless, given the widespread usage of these drugs during pregnancy, these results suggest that evaluation of metabolic outcomes in children exposed to SSRI antidepressants during fetal and neonatal life warrants further study.
